A flexible inlet guide vane has been designed for an independent control of the pre-or counter-swirl condition over the blade height. This model has then been investigated with a Mach 2 supersonic rotor and proved to produce large variations of the design mass flow and pressure ratio with 6 percent loss in efficiency for the preswirl conditions.
INTRODUCTION
The evolution of single stage compressors has shown a continuous performance increase and a pay-off of the research effort in this area as shown in Reference (1), 1 where supersonic shock-in-rotor type of compressors have been composed on the basis of a mean relative inlet Mach number.
An experimental supersonic stage has been designed for an overall total pressure ratio of 2.4/1, a rotor tip peripheral Mach number of 2.00, an inlet hub-tip ratio of 0.50 and an axial outlet flow direction for the exit guide vanes. The problem areas in the design procedure were: the lack or nonexistence of reliable data for entropy gradient and deviation angle prediction and the avoidance of meridional choking or zero axial velocity in the meridional flow calculations. An important work gradient was incorporated and the loss estimation was performed on the basis of cascade results at Mach 1.70 which were available for similar blade sections as the rotor wheel. 1 Numbers in parentheses designate References at end of paper.
The development of the Mach 2 stage led to the incorporation of an interblade row bleed system in order to adapt the flow to the stator choke margin. A variable inlet guide vane (IGV) changes the mass flow over a wider range and allows the study of the specific inlet flow conditions of a supersonic rotor. This paper describes the inlet guide vane and rotor and discusses the performance of the model compressor with no exit guide vanes.
THE SUPERSONIC MACH 2 COMPRESSOR STAGE The Development History
The experiments with the original model Fig. 1(a The second configuration consisted of four sectors of bleed holes. One sector covers 60 deg and consists of 22 longitudinal slots of 6 mm width extending over the last 40 percent of the rotor tip up to the leading edge plane of the exit guide vanes. The meridional view of the slot location is given in Fig. 1(b) , The bleed flow is collected in four boxes, fixed at the outer casing, and ducted to a larger tank from where the flow is reinjected in front of the coolers through an orifice The stage achieved nominal conditions at which 10 percent of the inlet flow had to be diverted through the bleed system. The detailed performance and flow distribution have been discussed in Reference (3). The stage and rotor performance are shown in Fig. 2 and compared to the design target of a total pressure ratio of 2,4/1 and an equivalent mass flow of 34 kg/sec. The testing is performed in a gas mixture. F12, consisting of 6 percent air and 94 percent Freon 12. The tip stall is eliminated by the bleed system. The rotor and stage performances are compared and it is observed that the exit guide vanes force the rotor to operate off the maximum efficiency point at a smaller mass flow than design. Important losses occur in the high subsonic high turning stator vanes (3) .
A third configuration included a variable inlet guide vane in order to adapt the flow to the off-design conditions and provide a large mass flow range at design speed. This system consists of the variable IGV (plane 0.1), the baseline rotor (plane 1.2) and the bleed system. The exit guide vanes have been removed Fig. 1(c) .
The fourth configuration consisted of another rotorwheel, obtained by decreasing the rotor chord by 25 percent at the tip radius and varying it linearly down to the hub. This provided a more constant work distribution over the blade radius, but improvement of the overall performance, rotor and stage, has not where a = specified angular distribution Vm , C = integration constants, determined by continuity A = function of radius, depending on enthalpy gradient and a distribution Q = function of radius, depending on entropy gradient, enthalpy gradient F = function of radius, depending on entropy gradient, enthalpy gradient and a distribution.
The use of an IGV in conjunction with a transonic or supersonic rotor requires an additional condition: the rotor inlet flow field is also determined by the supersonic incidence rules. The rotor blade sets up a preferential flow field with a limited incidence angle excursion at low supersonic Mach numbers. The matching of these two conditions creates quite different axial velocity components than expected from the IGV solution alone. The matching of these conditions has been performed and showed that important axial velocity changes can be obtained with a limited swirl angle in the IGV. The supersonic inlet flow direction as a function of the blade shape
where A E/S takes into account the streamtube area variation and P(L) is the loss function for the inlet loss calculation which must be found in an iterative way. The equation is based upon the continuity between the inlet station and a plane between the blades. The solution provides a relation R. = f(M for the chosen blade section as shown in Reference (5) .
The radial equilibrium analysis, taking into account the IGV and rotor imposed conditions, indicated a region of high induced radial velocity components. A region in which no solution exists was found at high relative inlet Mach numbers and counter-swirl conditions. The required change of the relative velocity vector due to counter-swirl and the imposed Mach number-relative flow angle relation due to the rotor blade shape does not produce a closed The existing systems for variable IGV consist of a blade rotating about a radial line or a variable flap system. The amount of swirl is fixed by the blade geometry and the rotation angle, A modification of the radial distribution is not possible. A flap system has been investigated with a high speed compressor and is discussed in Reference (6) .
The choice of a cambered airfoil was discarded since the idea is to produce preand counter-swirl equally well and an additional degree of freedom had to be introduced. This freedom would require an independent control of the swirl condition at the hub and tip radius in order to demonstrate the overall mass flow change and the flow peculiarities found in the analysis.
The Mechanical Design of the Variable IGV
The independent swirl control and symmetry necessitated a flexible blade, a leading edge in the axial direction and a movable trailing edge. These conditions can be met with a 0.5 mm thin spring steel plate of 10 cm blade height and 4 cm chord. The leading edge is made of two half elliptical pieces, in between which the spring steel blade is held by four rivets. The leading edges are 1 cm (25 percent chord) long, 4 mm thick (10 percent chord) and constant shape over the whole IGV height. These leading edges can be positioned in order to obtain a prestaggering of the inlet guide vane and the swirl variation will then become symmetrical with respect to this reference position. An axial reference direction was chosen for these experiments.
Two rectangular stubs are left at the trailing edge during the blade cutting. These stubs are 0.5 cm long chordwise and extend 1 cm into the inner and outer casing. These stubs are held in pellets which are located in sliding rings in the inner and outer casing. The pellets rotate in the ring as the amount of swirl is changed by moving the rings in the clock or anti-clockwise direction. It provides a smooth and continuous curvature evolution up to the trailing edge.
The mechanical performance and the trailing edge slopes which could be obtained on a model blade are shown in Fig. 3(a) . The symmetrical behavior and the independent camber control at hub and tip is demonstrated. Values of + 25 deg are measured and linear, S shape and parabolic variations are produced. The picture of the variable inlet guide vane model Fig. 3(b) shows the 20 blades, seen from upstream, in an S shape. The inner and outer rings are flushed in the casing; a portion of the trailing edge stubs can be observed. An increased clearance of triangular shape occurs at the trailing edge when extreme swirl conditions are selected. Fig. 4 . The streamline analysis was adopted for matching rotor and IGV flow at the relative inlet flow angle Ql of the rotorblade sections. The axial velocity is compared to the original value Va , o at zero inlet swirl. The limits from the mechanical model indicate that a 20 deg counter-or pre-swirl will produce an axial velocity variation between 1.30 and 0.80 Va,o . The assumption is that the flow condition will be stable.
The independent drive for the inner and outer ring allowed a very precise setting of the selected swirl conditions. The guide vane was mechanically driven up to the moment the end switch was reached or to the point that the probe traverse indicated the required swirl distribution. The different pre-and counterswirl conditions that could be generated by this system are summarized in Fig. 5 . The nonsymmetry for certain cases, with respect to the 0 deg line is due to a difference in the end switch positions. In general, 25 deg swirl can be generated at the hub and 15 to 17 deg at the tip radius. The constant swirl angle is best realized in the counter-swirl case (21 to 24 deg). The linear variations and the S shape combinations are also shown.
The guide vane total pressure loss coefficient, circumferentially averaged at each radial position, is represented in Fig. 6 . The numbers for each case correspond to the swirl conditions of Fig. 5 at 98 percent N/, No. 1 corresponding to the zero swirl configuration. The counter-swirl case, No. 6, causes very large losses behind the inlet guide vane. These high losses are partially due to the clearance between the casing and the IGV blade, but especially due to the matching problem of the IGV and rotor inlet flow. The flow separation is caused by the important radial component in the situation where no solution can be found for the guide vane swirl and the rotor unique incidence at a relative inlet Mach number of 2.40. The other cases have also the clearance effect at the hub and/or tip radius.
The IGV -Rotor Performance
The variable inlet guide vane-rotor corn- This definition had to be adopted in order to compensate for any changes in gas mixture (1) .
The Pressure Ratio --Mass Flow Relation. The overall performance is described by the pressure ratio-mass flow variation at constant speed and constant throttling. The rotor performance curves indicate that this component operates at constant conditions (Fig. 8) at the maximum point of the characteristic. This is the operating point that will be modified by the variable guide vane.
A large mass flow variation is observed for the moderate swirl angles produced by the variable inlet guide vanes (Fig. 7) , The point 1 is the case with no swirl but blockage due to the guide vanes, which causes a loss in mass flow. At 98 percent N/`B, the reference mass flow can be changed from 80 to 112 percent of its value; at 88 percent N/y'B, this range increases from 80 to 135 percent. The smaller increase at the higher speed (112 instead of 135 percent) is due to an impossible solution for the flow solution from the counter-swirl guide vane setting and the requested flow field as determined by the blade shape at a relative inlet Rach number of 2,40. A linear relation is observed, except for the highest speed. These two curves will be used in the comparison with the rotor performance.
The Efficiency. The reference adiabatic averaged efficiency is lower than the rotor alone value due to the additional losses in the guide vanes at zero inlet swirl (Fig. 7) . A different enthalpy exchange is imposed upon the rotor when the swirl changes; a large change of inlet Mach number occurs which causes additional losses. The relative inlet Mach number at the rotor tip changes from 1.80 to 2.40 at 98 percent P1/J for maximum pre-swirl to maximum counter-swirl. The rotor tip static pressure ratio changes from 2.0 to 2.6/1. The counterswirl conditions, Nos. 7-4-2-9-6, suffer from a fast deterioration of the efficiency. The largest drop occurs for the counter-swirl condition over the whole blade height, while the smallest effect is observed for the S-shape of the IGV. The efficiency of the variable geometry model confirms the rotor efficiency and it is better at the lower mass flows, but becomes worse at the higher-than-reference mass flows in the counter-swirl configuration.
The Overall Performance. The comparison of the rotor and IGV-rotor model is made in Fig. 8 . The variable geometry reference points for the two speeds are called No. 1 on the 2.7 ntol The pre-swirl conditions (Nos. 8-5-3) provide higher average total pressure ratios and higher efficiencies when compared to the rotor performance.
This overall performance change is compared to the changes of the TASK II stage performance of Reference (6) . The variable inlet guide vane of the TASK II model has two parts: the nose is fixed in the axial direction and can move circumferentially; the second part is a rotating flap to vary the exit angle. An aerodynamic slot is formed when the vane is in a cambered position. The performance maps from Reference (6) are superposed in Fig. 9 for three selected constant speed lines. The mass flow variations for this model are 13 percent decrease at 20 deg pre-swirl and 25 to 28 percent at 40 deg pre-swirl.
The comparison of the mass flow variations indicates a larger change for the flexible blade and the possibility to increase the flow (Fig.  10) , It has to be mentioned that these variations are not only influenced by the variable inlet guide vane, but also by the rotor blade shape. A precompression rotor blade, such as the Mach 2 wheel, has a much larger mass flow change with relative inlet Mach number than a DCA or MCA rotor blade, such as the TASK II   75  50  60  70  80  90 100 Kg/sec (5), is controlling this phenomenon. The IGV area averaged losses are compared in Fig. 10 and they both follow identical trends in function of the amount of inlet swirl.
Details of the Flowfield. The full preand counter-swirl conditions and the IGV trailing edge S-shape at 98 percent N/,/B have been chosen to illustrate the flow conditions in the rotor inlet and outlet plane. These conditions correspond to the cases Nos. 6-7-8-9 of Fig. 5 .
The relative inlet Mach number distributions are shown in Fig. 11 and the value at the tip changes from 1.85 to 2.40 and produces static pressure ratios from 2.0 to 2.60 across the tip section. A radial inward flow component does exist for case No. 6, and a tip stall is expected to exist between the measuring plane 1 and the rotor blade leaving edge plane. This would confirm the incompatibility which is found in the streamline analysis. The relative inlet flow angles are essentially following the same trend as has been given in Reference (1). The rotor outlet flow field is presented by the absolute flow angle a 2 ( Fig. 11 ) and the Mach number distributions in Fig. 12 . The absolute flow angle varies between the following boundaries:
at the hub = 43-72 deg from axial mean = 39-*53 deg tip = 45.466 deg
The corresponding Mach numbers are in the high subsonic range and large hubstall is encountered for the S swirl distribution No. 7.
These data indicate the problems for a fixed geometry exit guide vane behind this variable supersonic IGV-rotor combination. The fixed geometry exit guide vane would go from choke to stall at the hub and from stall to choke at the tip during the operation of the IGV. Compare for example case Nos. 9 and 7 of Figs. 11 and 12. The design of an adequate stator model has to be based on the same principles as the IGV. A flexible leading edge part is required in order to adapt to all the conditions such as described in Figs. 11 and 12. Such a model has been designed, but not yet experimentally investigated.
CONCLUSIONS
The vertical supersonic compressor characteristic can be adapted to important mass flow variations by introducing a small amount of inlet swirl.
Large changes in the rotor exit flow field are observed when operating the variable guide vanes.
The independent setting of inlet swirl at the hub and tip radius, by using a flexible blade, demonstrated the particular flow problems at the high relative inlet Mach numbers A classical variable stater vane is not going to match the rotor exit condition. A vane based on the same principles as the IGV is proposed.
